We present an investigation of optically active near-surface defects in sputtered Al-doped ZnO films using scanning tunneling microscope cathodoluminescence (STM-CL). STM-CL maps suggest that the optically active sites are distributed randomly across the surface and do not correlate with the granular topography. In stark contrast to photoluminescence results, STM-CL spectra show a series of sharp, discrete emissions that characterize the dominant optically active defect, which we propose is an oxygen vacancy. Our results highlight the ability of STM-CL to spectrally fingerprint individual defects and contribute to understanding the optical properties of near-surface defects in an important transparent conductor. V C 2011 American Institute of Physics. [doi:10.1063/1.3647622] Aluminum-doped zinc oxide (AZO) exhibits similar electronic properties to ZnO: a wide optical band gap (E g ! 3.37 eV), a strong exciton binding energy (60 meV), and optical transparency throughout the visible spectrum. 1,2 Doping ZnO with Al increases the electrical conductivity by several orders of magnitude and the material is called a transparent conducting oxide (TCO). In order to best exploit AZO in device technologies, a thorough understanding of the role of defects and dopants in electron transport and light emission is required.
Here, we probe the surface of sputtered AZO films with nanometer resolution using scanning tunneling microscope cathodoluminescence (STM-CL). 3, 4 In our experiments, we inject high energy holes into the sample, and the resulting optical spectra are signatures of the optically active final states that these holes relax into before combining with electrons from the degenerately doped conduction band. Whereas photoluminescence (PL) probes a relatively large volume, the high spatial resolution of STM-CL allows individual defects to be spectrally identified, thus overcoming a significant impediment to understanding deep level photoemission in ZnO: namely, that the deep level PL spectra are broadband and integrate over many defect sites. 5 This has confounded attempts to draw connections between calculated defect emission levels and experimentally measured PL spectra; 5-8 e.g., the ongoing debate over the origin of the green PL band, which is in all likelihood has multiple sources. 9 Our AZO thin films were grown on glass by RF magnetron sputtering from a Zn:Al 1.2 wt. % target (99.99%, ACI Alloys, Inc.). The RF power, substrate heater temperature, Ar flow rate, O 2 flow rate, and total process pressure were 100 W, 200 C, 40 sccm, 6.4 sccm, and 2.5 mTorr, respectively. The AZO films were measured by x-ray reflectivity to be 60 nm thick. Optical transmission and absorption spectra were measured on a Hitachi U-4001 spectrophotometer with an integrating sphere, and from these measurements we estimate that the Fermi energy (E F ) lies in the conduction band, offset from the band edge by E F À E c $ 0.25 eV. Temperature dependent Hall measurements give n-type carrier concentrations of 7.4 6 0.2 Â 10 20 cm À3 and mobilities of 17 6 1 cm 2 V À1 s À1 that are constant to within a few percent between 300 K and 4 K.
The as-grown films were loaded into a home-built STM. Measurements consisted of grounding the etched tungsten tip and applying bias to the AZO film, such that negative bias corresponds to hole injection from the tip to the sample. We observed no luminescence for positive bias (electron injection), consistent with our understanding that luminescence results from radiative recombination of injected holes with electrons from the degenerately doped conduction band. Luminescence was collected by a lens mounted behind the sample and collinear with the tip. The lens coupled light into a fiber mounted outside the vacuum chamber that was connected to either an avalanche photodiode (APD, Perkin Elmer SPCM-AQR-14) or a spectrometer (Horiba Jobin Yvon iHR320). All measurements were conducted at room temperature and $10 À8 Torr.
STM-CL spectra were recorded at biases ranging from À80 to þ80 V, which is considered low energy for cathodoluminescence. It is known that the inelastic mean free path of energetic charge carriers depends strongly on energy in the range that we investigated. 10 Typical inelastic mean free paths for energies of tens of eV are 1 nm or less. 11 Studies of oxide materials report a monotonic decrease of inelastic mean free path up to $100 eV, 12 with a sharp decrease as energy exceeds the plasma excitation energy. 13 Since the energy range that we investigate is above the plasma excitation energy in AZO, we conclude that our STM-CL measurements only probe the near-surface layers with energetic holes. Given that AZO is a degenerate n-type conductor and that the minority hole mobility is expected to be significantly lower than that for majority electrons, 14 we assume that electron-hole recombination occurs within the inelastic penetration depth of the holes ($1 nm). The high bias inherent to STM-CL measurements results in poorer resolution than typical STM topography scans due to the significant tip-sample separation and beam spreading. However, the STM-CL topography data are sufficient to resolve grains and grain boundaries in AZO. Overlaid on this topography map are highlighted pixels which indicate optically active areas, as determined by luminescence collected concurrently with the topography using an APD. These centers, which we attribute to near-surface defects, appear to have no correlation with the surface topography (i.e., grains and grain boundaries). This suggests that optically active defects are distributed randomly across the film, and that the previously reported grain boundary electron traps are not optically active. 15 We obtain spectral information on these defect centers by positioning the STM tip above an optically active site and coupling luminescence into a spectrometer. Fig. 1(b) shows a typical STM-CL spectrum recorded at À80 V overlaid with photoluminescence recorded with 325 nm laser excitation. The most prominent difference between the PL and STM-CL spectra is the sharpness of the deep-level emission lines observed by STM-CL. This we attribute to the measured sample volume. Our STM-CL probes a volume of several nm 3 at the surface, while PL (and typical CL well above 1 kV) probes the entire film (absorption coefficient a ¼ 0.007/nm at the excitation wavelength). We propose that the difference in linewidth results from the presence of a single predominant near-surface defect which is responsible for just a fraction of the PL spectra. This is supported by our observation ( Fig. 1(b) , inset) that the STM-CL spectra from dif-ferent optically active sites are nearly identical across the sample surface. This suggests that the two techniques, STM-CL and PL, measure emission from two different populations of optically active defects. Possible mechanisms to explain this difference include a dependence of the defect emission energy on depth (e.g., due to strain effects), and defect sites optically excited by photo-generated electron hole pairs that do not interact strongly with high energy injected holes.
Despite years of sustained experimental and theoretical studies of deep level emission in doped and undoped ZnO, assigning luminescence peaks to particular point defects remains complicated. [5] [6] [7] [8] [16] [17] [18] [19] [20] Nevertheless, most authors agree on three points: [6] [7] [8] [9] are well separated within the band gap, due to a large ionic rearrangement around V O resulting in an effective negative-U interaction between localized holes. Based on the consistency of our spectra from site-to-site, we assume that all the observed surface defects are of the same type, and due to the wide distribution of deep-level emission lines, we propose that our STM-CL spectra represent emission from individual V O sites. Specifically, referring to the labels in Fig. 1(b) , we attribute peaks C (475 nm, 2.62 eV), D (642 nm, 1.95 eV), and E (787 nm, 1.59 eV) to emission from different charge states of V O . The strongest peak at 475 nm is consistent with the blue-green emission reported in ZnO and AZO films and most often attributed to oxygen vacancies, 5, [17] [18] [19] [20] although the specific charge states of V O involved the question of whether an electron is captured from the conduction band or a hole from the valence band, or even of whether V O at all contribute to the characteristic green luminescence remain unresolved issues in the literature. 9 We attribute peak A (329 nm, 3.77 eV) to recombination of electrons at the Fermi level with holes from the valence band (peak A is strongly suppressed in PL due to a laser line filter); this is supported by optical absorption spectroscopy (not shown) which shows that the absorption edge in our films is close to 3.8 eV. We attribute peak B (391 nm, 3.18 eV) to donor-bound exciton recombination.
It is interesting to compare the measured density of optically active sites to published estimates for the concentration of V O in ZnO. Assuming the injected holes penetrate $1 nm into the film, the measured area density of $10 10 cm À2 (Fig.  1(a) ) corresponds to a concentration of $10 17 cm À3 . The concentration of V O in ZnO after high temperature annealing is reportedly 10 18 -10 19 cm À3 , 21, 22 although this should vary with annealing temperature and may be reduced at the sample surface. 23 The similarity between our measured defect concentration and the reported values for V O in ZnO is encouraging. However, our system differs from the published reports in notable ways including sample stoichiometry, thermal history, and measurement protocol.
STM-CL spectra measured as a function of bias for constant current are shown in Fig. 2(a) . We interpret the increase in intensity (i.e., increase in quantum efficiency) with larger negative bias according to the prevailing theoretical understanding that V O are negative-U centers: due to a concurrent lattice distortion, the doubly charged V O state is more stable site involves a lattice excitation that matches the original distortion. We propose that the increase in quantum efficiency at high bias is related to the expected minimum in inelastic mean free path for E $ 100 eV. As the volume of the sample illuminated by energetic holes decreases, the degree of local heating increases, thus providing a population of phonons that can de-trap the holes at the oxygen vacancies and promote radiative recombination.
We can quantify this model of phonon assisted detrapping using a simple model of intensity $N p /V, where N p is the number of phonons generated and V is the volume in which the hot holes relax in energy. By conservation of energy, we expect N p $ V T , where V T is the applied voltage, which is directly related to energy of the injected holes (q Á V T ). V $ A Á k, where A is the effective beam area that scales as A $ (V T Á log(V T ) þ V T ) 2 from the Fowler-Nordheim field emission equation solved for constant current, 24 and k is the inelastic mean free path which scales as k $ V T /log(V T ) for energies above the plasma excitation. 25 Thus we find intensity $log(V T )/(V T Á log(V T ) þ V T ) 2 . This relationship is plotted in Fig. 2(b) with good agreement with experimental data. Despite this good agreement, there remains room for alternative explanations of the increase in efficiency with larger negative bias. In particular, we do not know the depth or spatial extent of the optically active sites and therefore cannot determine the extent to which the changing depth profile of the injected carriers affects the relevant interaction volume.
In summary, we have presented an investigation of optically active surface defects in sputtered AZO films using STM-CL. Topographic scans suggest that the optically active sites are distributed evenly across the surface at a density of $10 10 cm À2 . The observed deep-level emission peaks are unusually narrow, especially when compared to PL measurements, and fingerprint the electronic structure of the predominant near-surface optically active defect, which we propose is an oxygen vacancy. The observed increase in quantum efficiency with increasing bias is attributed to phonon-assisted de-trapping of holes trapped at V O as predicted theoretically in Refs. 6-8. 
